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HIGHLIGHTS 


•  The  effect  of  driving  cycles  on  the  performance  of  fuel  cell  was  evaluated. 

•  Segmented  fuel  cell  was  used  to  record  the  local  changes  of  the  current  density. 

•  Mass  transport  of  gases  and  water  could  be  deduced  from  the  distribution  of  current  densities  in  different  regions. 

•  Degradation  of  catalyst  layer  and  Pt  particle  after  driving  cycles. 

•  EDS  was  adopt  to  investigate  each  segment’s  Pt  distribution. 
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Durability  is  one  of  the  most  important  limiting  factors  for  the  commercialization  of  proton  exchange 
membrane  fuel  cell  (PEMFC).  Fuel  cells  are  more  vulnerable  to  degradation  under  operating  conditions  as 
dynamic  load  cycle  or  start  up/shut  down.  The  purpose  of  this  study  is  to  evaluate  influences  of  driving 
cycles  on  the  durability  of  fuel  cells  through  analyzing  the  degradation  mechanism  of  a  segmented  cell  in 
real  time.  This  study  demonstrates  that  the  performance  of  the  fuel  cell  significantly  decreases  after  200 
cycles.  The  segmented  cell  technology  is  used  to  measure  the  local  current  density  distribution,  which 
shows  that  the  current  density  at  the  exit  region  and  the  inlet  region  declines  much  faster  than  the  other 
parts.  Meanwhile,  electro-chemical  impedance  spectroscopy  (EIS)  reveals  that  after  200  cycles  the  ohmic 
resistance  of  fuel  cell  increases,  especially  at  the  cathode,  and  electro-chemical  surface  area  (ESA)  de¬ 
creases  from  392  to  307  cm2  mg-1.  Furthermore,  scanning  electron  microscopy  (SEM)  images  of  the 
membrane— electrode  assembly  (MEA)  in  cross-section  demonstrate  crackle  flaw  on  the  surface  of  the 
catalyst  layer  and  the  delamination  of  the  electrodes  from  the  membrane.  Transmission  electron  mi¬ 
croscope  (TEM)  results  also  show  that  the  Pt  particle  size  increases  distinctly  after  driving  cycles. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cell  (PEMFC)  is  one  of  the 
promising  types  of  fuel  cells  that  can  be  used  as  a  vehicular  power 
source  to  replace  gasoline  and  diesel  internal  combustion  engine. 
However,  there  are  still  many  obstacles  to  be  overcome  before 
commercialization,  including  concerns  about  the  high  cost  and  low 
durability.  According  to  the  standard  released  by  American 
Department  of  Energy,  the  life  time  of  a  PEMFC  system  in  a  vehicle 
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operated  under  real-world  conditions  is  expected  to  get  to  5000  h 
with  less  than  10%  degradation,  while  currently  it  is  no  more  than 
2500  h[l]. 

The  performance  of  fuel  cell  is  prone  to  material  degradation.  A 
variety  of  tests  were  conducted  at  a  stationary  condition.  The 
purpose  of  these  tests  was  to  provide  an  overview  of  the  effect  of 
operating  conditions,  including  the  effects  of  reactant  gas  flows, 
humidification  levels  and  temperatures  on  the  fuel  cell  perfor¬ 
mance  and  the  corresponding  morphological  change  of  single  fuel 
cells  2].  However,  comparatively  to  dynamic  driving  cycles,  the 
steady-state  operating  condition  is  more  time-consuming.  Also,  the 
performance  of  a  vehicle  in  a  stationary  condition  is  significantly 
different  from  the  performance  in  a  real  working  condition  [3]. 
Comparatively  to  the  steady  condition  under  the  constant  load,  the 
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operating  condition  of  the  dynamic  driving  cycles  changes  much 
more  dramatically.  This  may  result  in  oxidant  starvation,  local 
hotspots  and  physical  degradation.  Therefore,  the  performance  of 
the  cell  would  be  seriously  degraded  [4]. 

To  determine  the  durability  and  performance  of  fuel  cells, 
several  researches  have  proposed  and  implemented  different  dy¬ 
namic  load  cycles.  For  instance,  Borup  and  Mukundan  [5]  con¬ 
ducted  the  dynamic  durability  test  using  a  modified  US06  driving 
cycle  to  vary  the  power  output.  Results  of  Borup’s  study  show  that 
the  degree  of  particle  size  growth  is  dependent  upon  the  amount  of 
water  in  the  fuel  cell.  Tang  [6]  applied  a  driving  cycle  including 
open  circuit,  idle  condition,  rated  condition  and  overload  condition, 
which  took  430  min  per  cycle.  They  also  compared  the  degradation 
rate  between  high  Pt  loads  and  low  Pt  loads.  The  above-mentioned 
studies  show  that  the  membrane  has  been  seriously  degraded  but 
fail  to  highlight  the  inhomogeneity  of  degradation  on  different 
regions  of  the  membrane. 

To  investigate  the  degradation  mechanism  of  fuel  cells,  this 
study  adopted  the  same  driving  cycles  as  described  in  R.  Lin’s 
previous  paper  [7].  The  printed  circuit  board  (PCB)  technology  was 
introduced  in  this  study  to  measure  the  local  current  density  dis¬ 
tribution  and  to  examine  the  changes  of  local  electro-chemical 
reaction  in  the  degradation  process.  In  addition,  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM) 
were  used  in  this  study  to  investigate  the  microstructure  degra¬ 
dation  mechanism  of  fuel  cell  materials. 

2.  Experiment 

2.1.  Preparation  of  membrane— electrode  assembly  (MEA) 

Membrane-electrode  assemblies  purchased  from  Wuhan 
Xinyuan  Corporation  were  used  in  this  experiment  [8].  Anodic 
catalyst  and  catholic  catalyst  with  0.4  mg  cm-2  Pt  obtained  from 
Johns  Manville  Corporation  were  coated  on  the  membrane.  The 
membrane  thickness  was  23  pm.  The  effective  electrode  area  was 
50  cm2.  The  characteristics  of  the  MEA  have  been  previously 
introduced  [9]. 

2.2.  Description  of  test  conditions  and  dynamic  driving  cycles 

The  cell  temperature  was  maintained  at  80  °C.  Back  pressures 
of  anode  and  cathode  were  kept  at  0.2  bar.  Both  anode  and 
cathode  sides  were  100%  humidified  by  external  humidifiers. 
Table  1  shows  the  applied  operating  conditions.  Hydrogen  stoi¬ 
chiometry  (Ah2)  and  air  stoichiometry  (Aah-)  were  kept  constant  at 
1.2  and  2.5,  respectively.  The  three  channel  serpentine  flow  field 
was  applied  to  both  the  anode  and  the  cathode  sides  of  the  cell. 
In  order  to  keep  the  MEA,  the  gaskets  and  the  PCB  in  good 
contact,  clamping  pressure  of  8  bar  was  provided  by  cylinder 
compression. 


Table  1 

Operating  conditions. 


Anode  reactant  gas 

Hydrogen 

99.99% 

Humidity 

100% 

2h2 

1.2 

Cathode  reactant  gas 

Air 

99.99% 

Humidity 

100% 

^Ail- 

2.5 

Clamping 

Cylinder  compression  force 

8  bar 

Backing  pressure 

Anode 

0.2  bar 

Cathode 

0.2  bar 

Cell  temperature 

80  °C 

The  dynamic  driving  cycles  were  designed  by  simulating  the 
real  internal  engine  vehicle  with  consideration  about  idle  running, 
constant  load  running,  variable  load  acceleration,  full  power 
running  and  overload  running.  Each  cycle  lasted  for  20  min,  as 
referenced  to  our  previous  work  [6  .  The  rated  loading  and  over¬ 
loading  were  set  respectively  at  45  A  and  50  A.  The  evolution  of 
current  and  voltage  in  one  cycle  is  presented  in  Fig.  la  and  b, 
respectively.  Due  to  membrane  failure,  the  aging  tests  were 
stopped  after  200  cycles.  In  order  to  eliminate  the  effects  of  the 
start-up  phase  on  the  performance  of  the  cell,  nitrogen  was  passed 
through  the  anode  and  the  cathode  before  air  and  hydrogen  were 
passed  through  the  electrodes.  After  periodic  driving  cycles,  the 
performance  of  the  cell  was  recorded,  using  methods  of  the  I—V 
curve,  electro-chemical  impedance  spectroscopy  (EIS),  cyclic  vol¬ 
tammetry  (CV),  etc.  The  current  density  distributions  were  recor¬ 
ded  during  the  whole  testing  process. 

2.3.  I-V  curves 

Fig.  lb  demonstrates  the  transient  voltages  response  to  current 
densities.  The  changes  of  the  transient  voltage  as  the  evolution  of 
every  driving  cycle  cannot  be  used  to  illustrate  the  degradation  of 
fuel  cells.  Therefore,  for  presenting  the  degradation  of  the  cell  the 
polarization  curve  of  the  cell  must  be  recorded.  I—V  curves  were 
measured  under  the  same  operating  condition,  when  the  cell  was 
activated,  and  operated  after  100, 150  and  200  cycles,  respectively. 


Fig.  1.  Evolution  of  current  (a)  in  a  simulate  driving  cycle  and  response  voltage  (b)  in 
one  cycle. 
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Before  the  polarization  tests  were  performed,  the  cell  was  operated 
in  steady-state  condition  for  20  min,  which  helped  to  avoid  any 
impact  from  recent  chronological  account  of  the  characterization 
measurements  [10]. 

2.4.  Electro-chemical  impedance  spectroscopy 

The  electro-chemical  impedance  spectroscopy  (EIS)  of  the  cell 
was  performed  to  investigate  the  following:  the  internal  property 
of  MEA,  including  ohmic  resistance,  charge  transfer  resistance  for 
the  oxygen  reduction,  mass  transfer  resistance  of  oxygen  in  the 
catalyst  layer,  and  constant  phase  element  of  the  catalyst  layer 
capacitance.  EIS  measurements  of  the  cell  were  carried  out  using 
a  VMP2/Z  workstation  by  a  PAR  model  at  galvanostatic  mode.  It 
was  done  under  a  constant  load  of  4.5  A  with  a  frequency  range 
from  100  mHz  to  10  kHz.  All  impedance  spectra  reported  herein 
were  measured  between  cathode  and  anode  sides  of  the  cell.  Air 
was  passed  through  the  test  electrode  while  hydrogen  was 
passed  through  the  counter  electrode.  Due  to  the  negligible  over¬ 
potential  for  hydrogen  oxidation  and  reduction  on  platinum 
catalyst,  the  counter  electrode  was  also  used  as  the  reference 
electrode. 

2.5.  Cyclic  voltammetry 

Cyclic  voltammetry  (CV)  measurement  was  conducted  to 
calculate  the  electro-chemical  surface  area  of  MEA.  As  the  electro¬ 
chemical  surface  area  (ESA)  of  cathode  was  measured,  nitrogen  was 
passed  through  the  cathode,  which  was  set  as  the  test  electrode. 
Hydrogen  was  passed  through  the  anode,  which  was  set  as  the 
reference  electrode.  After  the  open  circuit  voltage  (OCV)  decreased 
to  100  mV  or  below,  the  potential  was  scanned  from  50  mV  to 
1100  mV  versus  the  reversible  hydrogen  electrode  (RHE)  at  a  rate  of 
20  mV  s-1.  ESA  was  evaluated  from  the  CV  by  dividing  the  charge 
(pC)  that  corresponded  to  the  area  under  the  hydrogen  desorption 
region  by  210  pC.  The  equation  is  the  following: 


where  Se  is  the  ESA,  Qr  is  the  integral  area  of  hydrogen  oxidation 
desorption  peak  in  CV  curve,  m  is  the  loading  of  platinum,  and  c  is 
the  electrical  charge  associated  with  monolayer  adsorption  of 
hydrogen  on  Pt  surface  [11]. 

2.6.  Segmented  cell  technology 

For  the  measurement  of  current  density  distribution,  the 
printed  circuit  board  (PCB)  approach  was  adopted.  Based  on  PCB 
technology,  we  segmented  the  bipolar  plate  with  the  method 
introduced  in  R.  Lin’s  paper  7].  The  segmented  bipolar  plate 
integrated  with  temperature  sensors  was  put  between  MEA  and 
anode  current  collector  plate.  It  aimed  to  reduce  the  effect  of  PCB 
on  the  operational  behavior  of  the  cell.  Temperature  distribution 
of  the  cell  was  measured  by  temperature  sensors  in  local  regions. 
The  effects  of  PCB  on  accuracy  of  measurement  results  depended 
on  the  ratio  of  in-plane  to  out-of-plane  electronic  conductivity  of 
electrodes,  gas  diffusion  layers,  and  bipolar  plates.  The  coupling 
of  the  current  density  distribution  at  the  anode  and  the  cathode 
was  found  by  R.  Lin’s  work,  which  can  verify  that  the  effects  of 
the  insertion  of  the  PCB  can  be  ignored  [12].  The  current  density 
data  of  every  segmented  cell  was  collected  by  Agilent  34970A 
device,  and  presented  by  the  seglab  software.  The  experimental 
parameters,  controllers  and  measuring  devices  are  summarized 
in  Table  2  [13]. 


Table  2 

Measurement  uncertainties. 


Source 

Range 

Error 

Gas  mass  flow  controller 
Anode  (H2) 

Alicat  scientific 

1  SLPM 

±1%  of  full  scale 

Cathode  (air) 

2  SLPM 

±1%  of  full  scale 

Cell  temperature 

Xiamen  Yudian 

±1  °C 

Electronic  load 

KIKUSUI  PLZ-4W 

50  V/ 150  A 

Constant  current  (CC) 

150  A 

±0.3%  of  full  scale 

Constant  voltage  (CV) 
Data  logger 

Aglient  34970A 

50  V 

±0.2%  of  full  scale 

DC  voltage 

100  mV 

±6.5  pV 

1  V 

±26  pV 

10  V 

±190  pV 

2.7.  Scanning  electron  microscopy  (SEM) 

SEM  micrographs  of  the  catalyst  layers  were  examined  by  the 
JSM-5600LVSEM  device  to  investigate  the  effects  of  dynamic 
driving  cycles  on  the  microstructure  of  the  electrode,  including  the 
changes  in  the  catalyst  layer  surface  and  its  cross-section,  as  well  as 
the  change  of  catalyst  particles  distribution.  By  comparing  the  MEA 
operated  after  dynamic  driving  cycles  with  the  fresh  MEA,  the 
microstructure  changes  of  the  MEA  could  be  found.  Also,  the  En¬ 
ergy  Dispersive  Spectrometer  (EDS)  mapping  of  the  MEA  of 
different  regions  was  investigated  to  show  the  distribution  of 
different  elements. 

2.8.  Transmission  electron  microscopy  (TEM) 

To  investigate  the  degradation  of  the  catalyst,  TEMs  of  the 
cathode  and  anode  catalyst  were  examined  by  JEM  2010EX  mi¬ 
croscope,  operating  at  200  kV.  Cu-JCa  radiation  was  employed.  The 
structure  of  the  Pt/C  catalyst  was  examined  using  the  HR-TEM 
technique.  In  addition,  the  particle  size  of  Pt  and  its  distribution 
were  analyzed. 

3.  Results  and  discussion 

3.1.  Effects  of  dynamic  cycles  on  single  cell  performance 

In  order  to  investigate  the  effect  of  dynamic  cycles  on  the  per¬ 
formance  of  the  MEA,  polarization  curves  at  fresh,  100, 150  and  200 
cycles  are  recorded  as  shown  in  Fig.  2.  It  is  found  that  after  dynamic 


Fig.  2.  Polarization  curves  of  fresh  MEA  and  those  measured  after  100, 150  and  200 
cycles. 
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Fig.  3.  Average  decline  rate  of  voltage  after  driving  cycles,  respectively  at  0,  200,  600, 
1000  mA  cm-2. 


Fig.  5.  Electro-chemical  surface  area  (ESA)  of  cathode  catalyst  after  activated,  100, 150 
and  200  cycles. 


cycles  the  OCV  doesn’t  have  an  apparent  deviation,  while  at 
1200  mA  cm-2  the  voltage  decreases  rapidly.  This  phenomenon 
could  also  be  detected  from  the  average  decline  rate  of  voltage  at 
different  current  density  (Fig.  3).  At  low  current  density  regions 
(lower  than  200  mA  cm-2),  the  response  voltage  of  the  cell  does  not 
apparently  decrease.  However,  at  high  current  density,  such  as 
1000  mA  cm-2,  the  voltage  decreases  obviously  from  0.515  to 
0.464  V.  The  average  decline  rate  of  voltage  is  225  ixV  per  cycle.  It 
demonstrates  that  at  high  current  density,  the  decline  rate  of  per¬ 
formance  is  much  higher  than  that  at  the  low  current  density.  It  is 
due  to  the  mass  transfer  limitation  at  high  current  density. 


3.2.  CV  and  EIS  measurement 

CV  curves  after  driving  cycles  are  presented  in  Fig.  4.  They  are 
applied  to  investigate  the  effects  of  the  driving  cycles  on  the  elec¬ 
tro-chemical  active  area.  ESA  of  the  catalyst  is  calculated  from  the 
CV  data,  and  is  presented  in  Fig.  5.  It  is  found  that  the  area  of 
hydrogen  adsorption  decreases  after  the  driving  cycles.  Specifically 
after  100, 150  and  200  cycles,  the  ESA  of  cathode  catalyst  decreases 


Fig.  4.  Cyclic  voltammetry  (CV)  curves  of  fresh  MEA  and  those  measured  after  100, 150 
and  200  cycles. 
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Fig.  6.  Electro-chemical  impedance  spectroscopy  (EIS)  of  fuel  cell  after  driving  cycles 
(fresh,  100, 150  and  200  cycles). 
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respectively  from  392.9  to  350,  331.4  and  307.6  cm2  mg-1  with  a 
dropping  rate  of  0.43  cm2  mg-1  per  cycle. 

Analysis  of  results  that  are  presented  in  Figs.  2  and  3  demon¬ 
strates  that  the  electro-chemical  active  area  of  catalyst  decreases 


Fig.  7.  Equivalent  circuit  for  impedance  analysis. 


Table  3 

Results  of  equivalent  circuit  for  the  impedance  analysis. 


Driving  cycles 

0 

100 

150 

200 

L  e-07  (H  cm2) 

0.63 

8.93 

1.25 

1.25 

Rhf  (mQ  cm2) 

1.96 

2.63 

3.19 

3.32 

CF  cm-2 

1.15 

0.85 

0.63 

0.59 

Ret  (mQ  cm2) 

10.21 

11.5 

12.05 

12.27 
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(c)  After  150  cycles  (d)  After  200  cycles 

Fig.  8.  Current  density  distribution  at  1000  mA  cm”2  after  driving  cycles  (0, 100,150  and  200  cycles). 


after  driving  cycles.  At  low  current  density,  the  demand  of  the 
electro-chemical  reaction  active  area  is  not  high.  However,  at  high 
current  density,  MEA  could  not  provide  enough  active  sites  for 
electro-chemical  reaction.  It  results  in  a  very  obvious  performance 
reduction  of  the  cell  at  1000  mA  cm-2  [14]. 

The  performance  of  the  fuel  cell  has  a  significant  correlation 
with  the  electro-chemical  impedance.  The  conductivity  of  the 
electron  and  proton  in  the  cathode  catalyst  layer  has  a  significant 
impact  on  the  reduction  of  the  oxygen  at  cathode  side.  Therefore, 
EIS  of  the  cell  operated  under  dynamic  driving  cycles  was 
recorded  after  0, 100,  150  and  200  cycles,  as  shown  in  Fig.  6.  At 
the  beginning  of  the  dynamic  cycles,  a  depressed  semicircle  from 
EIS  plots  could  be  recognized.  With  continuation  of  the  cycles 
from  0  to  100  cycles,  the  real  and  the  imaginary  parts  of  the 
impedance  plots  increase  at  the  same  time.  However,  from  100  to 
200  cycles,  the  real  parts  and  the  diameter  of  the  loop  don’t 
increase  obviously. 

Equivalent  circuit  (Fig.  7)  is  adopted  to  analyze  the  impedance. 
We  calculate  the  Rhf*  Ret  and  CPE  through  the  equivalent  circuit  on 
the  basis  of  the  Nyquist  curve,  as  shown  in  Table  3.  RH f  is  the  ohmic 
resistance,  which  contains  the  ohmic  resistance  of  membrane, 
catalyst  layer  and  diffusion  layer  etc.;  Ret  is  the  charge  transfer 
resistance  of  the  oxygen  reduction  reaction,  which  corresponds  to 
the  diameter  of  the  kinetic  loop  in  the  Nyquist  curve.  The  capaci¬ 
tance  of  equivalent  circuit  depends  on  the  catalyst  layer  properties 
associated  with  the  oxygen  reduction  reaction  [15].  As  shown  in 
Table  2,  the  ohmic  resistance  and  the  charge  transfer  resistance  of 
fuel  cell  increase  as  driving  cycles  running,  while  the  capacitance  of 
the  cell  decreases,  which  leads  to  the  performance  degradation  of 
the  cell,  as  shown  in  the  I—V  curve. 


The  polarization  curve  of  Fig.  1  reveals  the  following  three 
distinguishable  regions:  an  exponential  voltage  drop  at  low  current 
densities,  which  correlates  with  reaction  activation  losses,  espe¬ 
cially  at  the  cathode;  a  linear  decrease  of  voltage  associated  with 
the  dominance  of  the  ohmic  resistance  of  the  cell  at  intermediate 
current  density;  and  a  deviation  from  linear  voltage  change  with  a 
sharper  voltage  drop  at  higher  current  densities  due  to  mass- 
transport  losses.  However,  for  polarized  cells,  all  three  voltage 
loss  mechanisms  (reaction  activation,  ohmic,  and  mass-transport- 
limited)  exist  at  all  currents.  The  extent  of  one  mechanism  domi¬ 
nating  the  cell  behavior  (but  not  necessarily  dominating  the  cell 
voltage  loss)  depends  on  current  density  and  determines  the  shape 
of  the  polarization  curve  in  that  region  [16].  Based  on  the  analysis  of 
the  EIS  curves  and  the  equivalent  circuit,  we  find  that  the  Ret 
mainly  affects  the  low  current  density,  and  increases  by  20%  with 
the  continuation  of  cycles,  from  10.21  to  12.27  mQ  cm2.  The  Rhf 
mainly  affects  the  intermediate  current  density,  and  increases  from 
1.96  to  3.32  mQ  cm2  (70%  increase)  as  cycles  going.  It  is  demon¬ 
strated  that  the  resistance  increases  more  rapidly  at  intermediate 
current  density  than  at  low  current  density.  It  also  explains  why  the 
voltage  decreases  more  rapidly  at  1000  mA  cm-2  than  at 
100  mA  cm-2. 

3.3.  Current  density  distribution 

In  order  to  investigate  the  local  current  density  distribution  and 
explore  the  degradation  mechanism  of  the  fuel  cell,  the  segmented 
cell  technology  is  adopted  in  this  experiment.  A  segmented  bipolar 
plate  with  49  segments  for  a  single  cell  is  used  in  the  experiment. 
The  area  of  every  segment  is  about  1.02  cm2.  Fig.  8  shows  that  G7 
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Fig.  9.  Changes  of  the  current  density  in  various  areas  at  1000  mA  cm  2:  (a)  reaction 
outlet  area,  (b)  middle  area  of  MEA,  and  (c)  reaction  inlet  area. 


and  A7  segments  are  the  inlet  of  hydrogen  and  air,  respectively,  and 
the  segment  Al  and  G1  are  the  outlet  of  hydrogen  and  air, 
respectively.  The  cell  is  operated  at  1000  mA  cnrT2.  Different  colors 
(in  the  web  version)  stand  for  different  current  density  values,  as  is 
shown  by  the  legend.  It  shows  that  at  the  beginning  of  the  driving 
cycles,  the  current  density  is  not  evenly  distributed.  The  homoge¬ 
neity  calculated  from  the  span  of  20%  range  of  average  current 


density  is  only  60.3%  and  the  response  voltage  is  0.621  V.  After  100, 
150  and  200  driving  cycles,  the  homogeneity  decreases  to  54.8%, 
52.6%  and  44.4%  respectively,  and  the  response  voltage  decreases  to 
0.508,  0.488  and  0.464  V,  respectively.  During  this  time  the 
degradation  of  the  fuel  cell  performance  is  observed. 

The  color  (in  the  web  version)  of  D1  and  D7  has  changed  from 
green  (in  the  web  version)  to  blue  (in  the  web  version),  which  in¬ 
dicates  a  decrease  of  the  current  density  at  D1  and  D7.  It  could  be 
caused  by  the  degradation  of  the  catalyst  of  these  segments.  As  the 
fuel  cell  remains  at  the  galvanostatic  mode,  the  current  density  of 
some  segments  has  to  increase  to  keep  the  average  current  density 
the  same.  As  demonstrated  in  Fig.  8,  the  value  of  the  current  density 
of  the  segments  in  the  middle  of  the  cell,  such  as  segment  C3  and 
D4,  increases.  As  driving  cycles  running,  different  regions  of  the 
MEA  have  declined  to  different  extents.  It  might  be  due  to  the 
reason  that  though  the  value  of  the  current  density  of  some  seg¬ 
ments  increases,  in  other  segments  it  decreases  (Fig.  9). 

In  order  to  find  the  pattern  of  the  current  density  distribution 
changes,  the  current  density  of  different  areas  on  the  MEA  is 
investigated.  It  is  found  that  at  the  outlet  and  inlet  parts  of  the  MEA, 
the  performance  drops  by  45.4%  and  24.3%,  respectively.  At  the 
same  time  in  the  middle  region  of  the  MEA,  the  current  density 
increases.  It  could  be  concluded  that  the  segments  at  the  exit  and 
inlet  parts  of  the  flow  field  decline  more  seriously  than  those  in  the 
middle.  At  the  inlet  of  the  flow  field,  the  flow  rate  of  reaction  is  very 
high.  It  carries  the  produced  water  away,  leading  to  the  drying  of 
the  MEA,  which  might  be  the  reason  for  the  degradation  of  the  MEA 
[17].  At  the  hydrogen  outlet,  when  the  load  increases,  the  reaction 
flow  rate  does  not  respond  in  time,  which  might  lead  to  starvation 
of  gases  [18].  At  the  air  outlet,  as  the  relative  humidity  increases  to 
100%,  cathode  flooding  might  occur.  It  could  block  the  flow  chan¬ 
nels  and  the  pores  of  the  gas  diffusion  layer  (GDL),  and  aggravate 
the  degradation  of  MEA  [19]. 

3.4.  SEM  analysis  of  MEA  after  operated  under  driving  cycles 

The  morphology  of  the  catalyst  layer  is  analyzed  using  scanning 
electron  microscopy  (SEM)  technology.  It  aims  to  explain  a  signif¬ 
icant  decrease  of  fuel  cell  performance.  Fig.  10a  illustrates  the  SEM 
result  of  the  MEA  at  cathode  side  after  activated  and  Fig.  10b  il¬ 
lustrates  the  SEM  result  of  the  MEA  at  cathode  side  after  200  cycles. 
As  demonstrated  in  Fig.  10a,  the  surface  of  catalyst  layer  of  the  fresh 
MEA  is  very  smooth,  and  the  Pt/C  catalyst  is  uniformly  dispersed. 
Much  bigger  pores  and  highly  textured  structure  are  formed  in  the 
catalyst  layer.  After  200  cycles  the  surface  becomes  rough  (Fig.  10b). 
The  width  of  the  catalyst  layer  band  becomes  uneven  and  much 
smaller  than  that  of  the  fresh  MEA.  Meanwhile,  it  is  shown  that 
after  200  cycles  the  size  and  distribution  of  the  particles  on  the 
surface  change  unevenly.  Open  pores  in  the  catalyst  layer  are  pro¬ 
duced  to  reduce  contact  resistance  between  the  catalyst  layer  and 
the  membrane.  However,  with  cycles  running,  the  number  of  open 
pores  decreases,  and  the  size  of  the  open  pores  becomes  smaller. 
This  is  the  main  reason  for  the  increase  of  ohmic  resistance  [20]. 

Fig.  11  shows  the  cross-section  of  the  fresh  MEA  and  the  aged 
MEA  after  200  cycles.  Anode  side  is  located  below  the  membrane. 
As  demonstrated  in  Fig.  11a,  the  catalyst  is  uniformly  distributed 
and  the  membrane  is  smooth  with  no  cavities  and  cracks.  However, 
after  200  cycles,  the  thickness  of  the  membrane  increases  from  22.9 
to  26.3  urn  as  the  MEA  expands.  In  the  same  time  the  structure  of 
the  catalyst  layer  visibly  changes,  especially  for  the  cathode  catalyst 
layer.  Fig.  lib  demonstrates  development  of  separations  between 
cathode/anode  catalyst  layer  and  membrane  (as  shown  in  red  circle 
(in  the  web  version)).  Also,  it  shows  that  the  original  texture  uni¬ 
formity  of  the  catalyst  layer  completely  disappears,  leaving  behind 
rough  structure  and  portions  with  different  sizes.  The  MEA  has  a 
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(a)  Fresh  ME  A 


(b)  After  200  cycles  MEA 


Fig.  10.  Scanning  electron  micrograph  (SEM)  of  the  surface  layer  of  catalyst  (cathode  side). 


marked  distortion.  In  summary,  a  comparative  analysis  of  Fig.  11a 
and  b  demonstrates  that  the  driving  cycles  have  a  remarkable  in¬ 
fluence  on  MEA  morphology.  Apparently  the  degradation  of  the 
cathode  catalyst  layer  is  more  serious  than  the  degradation  of  the 
anode  catalyst  layer.  According  to  R.  L.  Borup’s  research,  the 
changes  of  the  structure  of  the  cathode  catalyst  layer  might  be  due 
to  carbon  corrosion  [21].  The  fuel  cell  operating  at  0.9  V  accounts 
for  50%  of  the  corrosion  [22].  Meanwhile,  when  the  load  becomes 
high  suddenly,  the  fuel  feeding  could  not  respond  in  time,  which 
may  lead  to  local  fuel  starvation.  These  factors  could  be  the  main 
reasons  of  carbon  corrosion.  In  addition,  large  amount  of  water 
produced  from  the  cell  reaction  at  the  cathode  might  also  be  a  main 
cause  of  the  cathode  degradation.  The  possible  reaction  mechanism 
is  as  follows: 

C  +  2H20  =  4H+  +  4e~  +  C02 
4H+  +  02  +  4e~  =  2H20 


Fig  12  shows  results  of  Energy  Dispersive  Spectrometer  (EDS) 
measurement  of  MEA  from  different  regions.  Blue  (in  the  web 
version)  points  represent  Pt  element.  It  demonstrates  that  Pt  ele¬ 
ments  are  sparsely  dispersed  on  the  surface  of  fresh  MEA,  while  Pt 
elements  of  degraded  MEA  are  distributed  unevenly.  Also,  the 
amount  of  Pt  elements  has  reduced  significantly,  particularly  in  D1 
and  G7  segments.  Comparison  of  Fig.  12(c)  and  (d)  demonstrates 
apparent  Pt  particle  loss  at  the  cathode.  It  might  lead  to  the 
reduction  of  ESA.  Also,  it  might  be  one  of  the  reasons  why  the 
performance  of  D1  and  G7  segments  declines.  However,  since  the  Pt 
particles  mainly  agglomerate,  there  is  little  Pt  particles  loss  con¬ 
cerning  the  whole  MEA  (Fig.  13). 

3.5.  TEM  analysis 

It  is  known  that  the  catalyst  layer  is  the  most  important  region 
for  the  electro-chemical  reaction.  The  performance  of  the  catalyst 
significantly  affects  the  speed  of  the  electro-chemical  reaction. 


(a)  Fresh  MEA 


(b)  After  200  cycles 


Fig.  11.  Cross-section  of  MEA  morphology. 
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(c)  G7  segment  (d)  D1  segment 


Fig.  12.  EDS  mapping  of  MEA  from  different  regions  (Pt  Lai). 


Therefore,  the  catalyst  at  the  cathode  and  anode,  fresh  and  after 
driving  cycles,  is  tested  by  TEM  that  aims  in  assessment  of  the 
catalyst  degradation  (Fig.  12).  As  shown  in  Fig.  12a,  Pt  particles  are 
uniformly  dispersed  on  the  carbon  carrier.  It  can  be  seen  from 
Fig.  12b  and  c  that,  after  200  driving  cycles,  the  Pt  particles  distri¬ 
bution  of  the  cathode  becomes  very  uneven,  and  the  Pt  particles  of 
the  cathode  grow  up  obviously.  According  to  Wang’s  research  [23], 
when  the  potential  is  set  between  0.65  V  and  1.1  V,  the  dissolution 
rate  of  Pt  particle  would  increase  with  the  increase  of  the  potential. 
It  probably  may  explain  that  the  growing  up  of  the  catalyst  particles 
could  be  mainly  due  to  high  potential  at  the  cathode  side.  After  the 
dissolution  of  Pt,  the  reaction  is  as  follows: 


Pt— >Pt4+  +4e^,  Pt02  +  4H  1  — >Pt  +  2H20 

Meanwhile,  it  is  also  found  that  the  amount  of  Pt  particles  at  the 
cathode  decreases,  which  might  be  due  to  the  migration  of  Pt 
particle.  This  also  causes  the  degradation  of  the  catalyst. 

4.  Conclusions 

In  this  paper,  driving  cycles  are  designed  in  a  way  that  simulates 
operation  conditions  of  the  real  vehicle.  The  performance  and 
microstructure  of  the  fuel  cell  after  100,  150  and  200  cycles  are 
tested.  The  cell  voltage  decreases  at  a  rate  of  225  pV  per  cycle  under 


(a)  Fresh  MEA 


(b)  Cathode  after  200  cycles 


(c)  Anode  after  200  cycles 


Fig.  13.  Transmission  electron  microscope  (TEM)  micrographs  of  catalyst. 
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constant  current  density  of  1000  mA  cm-2.  It  is  shown  that  the 
performance  degrades  more  quickly  when  the  cell  is  loaded  with 
high  current  density.  The  ohmic  resistance  and  active  resistance  of 
cathode  increase  from  1.96  to  3.32  mO  cm2  and  10.21  to 
12.27  mQ  cm2,  respectively.  After  200  driving  cycles  the  electro¬ 
chemical  active  area  decreases  from  392  cm2  mg-1  (fresh  MEA)  to 
307.6  cm2  mg-1.  These  results  in  combination  with  CV  and  EIS  re¬ 
sults  clearly  indicate  the  degradation  of  MEA. 

SEM  results  demonstrate  significant  changes  of  the  surface  and 
cross-section  of  the  catalyst  layer.  Also,  the  open  pores  on  the 
catalyst  layer  become  smaller  and  unevenly  distributed.  The  cath¬ 
ode  catalyst  layer  becomes  distorted.  Furthermore,  TEM  results 
demonstrate  that  Pt  particles  grow  up  obviously,  which  decreases 
the  activity  of  the  catalyst. 

Meanwhile,  after  200  cycles,  the  current  density  of  the  segments 
at  the  inlet  and  outlet  of  the  flow  field  decreases  by  24.3%  and  45.4% 
respectively  with  a  constant  average  current  density  of 
1000  mA  cm-2.  At  the  same  time  the  current  density  in  the  middle 
regions  increases.  Based  on  analysis  of  the  local  current  density 
distribution,  it  might  be  concluded  that  the  MEA  at  the  inlet  and 
exit  of  the  flow  field  declines  more  seriously  than  that  in  the 
middle. 

Overall,  this  study  demonstrates  that  dynamic  driving  cycles 
significantly  impact  the  performance  of  fuel  cell.  The  segmented 
cell  technology  aims  in  investigating  the  local  current  density  dis¬ 
tribution.  It  provides  knowledge  about  the  degradation  of  MEA  at 
different  regions,  which  helps  to  understand  the  degradation 
mechanism. 
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